In this letter, we present the generation, the balanced detection, and the transmission performance evaluation of dual polarization differential quadrature phase shift keying (DP-DQPSK) signals in optical access system integrated with fiber and free-space downlink. Polarization-multiplexed (POLMUX) technique is introduced in the system for high spectral efficiency access utilization. 10 Gb/s DP-DQPSK downlink signals are successfully transmitted over 50 km SMF-28 and a 800 m wireless optical channel under the bad weather condition, such as fog and haze. The results show that the potentiality of DP-DQPSK optical access system is integrated with fiber and freespace downlink for providing flexible user access with high bandwidth efficiency.
Introduction
Recently, fiber to the building (FTTB), fiber to the office (FTTO), fiber to the home (FTTH), and fiber to the desk (FTTD) offer "the last mile" solution based on optical access network for different broadband communication services closer to various customers [1] . However, future rapid growth of internet data process and services for mass market customers and business applications puts high capacity demand on optical access systems. As we know, radio over fiber (RoF) system has been researched and it can resolve the scarcity of available bandwidth [2] [3] . Moreover, RoF can transmit radio frequency (RF) signals over one fiber through performing linear electro-optical conversion and returning the signals to electrical domain at the receiver with the radio format [4] . Though RoF has many advantages, it is not feasible because the up conversion and down conversion between the central office (CO) and the base stations (BSs) with micro-or pico-cellular horn antennas are necessary [5] [6], which are very complex and its cost budget is high, since some high-frequency microwave components are essential. The characteristic is not compatible with the current telecommunication transmission network, because the baseband data signals are often transmitted and received in the existing telecommunication transmis-sion system [7] - [9] . Hence, sufficiently high data rate baseband transmission with high bandwidth efficiency and full seamless integration of wired and wireless links is essential. Free space optical communication (FSO) can provide broadband wireless optical connectivity, and FSO link can be especially designed for particularly space access applications in low-population and rural areas, behind mountains, or across rivers, highways and railways between the optical network unit (ONU) and the optical line terminal (OLT) to serve various users, as shown in Figure 1 . FSO systems can also minimize size, weight and power (SWaP) while it is integrated in optical access systems. Optical access systems may adopt phase modulation signal as an efficient transmitted signal because it can operate at almost 3 dB lower received optical signal noise ratio (OSNR) [10] . Recently, we demonstrated two types of modulation format which combines the well-known techniques of differential phase shift keying (DPSK), differential quadrature phase shift keying (DQPSK), and multiple-input multiple-output (MIMO) wireless transmission for seamless integration of RZ-DPSK-DWDM optical Links with MIMO-OFDM access system [8] [9] . But, in the above schemes, the optical-electro conversion and the electro-optical conversion are necessary for broadband signals transmission and reception, and the corresponded operation will increase the cost budget. For simplifying the optical-electro configuration close to users, FSO is introduced for achieving "the last mile" access in this scheme. Moreover, compared with the traditional formats such as NRZ, DPSK and DQPSK, the DP-DQPSK signal has higher spectrum efficiency and will achieve high data rate information transmission with lower bandwidth for free space wireless access applications. Hence, DP-DQPSK optical access system integrated with fiber and free-space downlink can offer flexible broadband access.
System Setup
The setup for the seamless integration of DP-DQPSK optical fiber link with FSO communication system is shown in Figure 2 . At the transmitter, a continuous-wave (CW) light beam from a distributed feedback (DFB) laser diode (line-width ~1 MHz, work frequency at 193.1THz) is fed into a polarization splitter. The CW light is divided into equal two parallel optical carriers. For each optical carrier, two cascaded phase modulators (PM1 and PM2, or PM3 and PM4) with π and π/2 phase shift are used to generate QPSK optical signals. 1.25 Gbaud/s original data1anddata 2 are serial to parallel transformed and DQPSK precoded and input four phase modulators respectively to generate two independent DPQSK signals. And then, two DQPSK signals are combined through a polarization splitter combiner to generate a DP-DQPSK signal. Generated 10 Gb/s DP-DQPSK signals are transmitted over one 50-km single mode fiber (SMF)(the fiber input power is 2 dBm) and amplified by one erbium-doped optical fiber amplifier (EDFA 1 )for compensating the transmission attenuation. We apply commonly used fiber parameters in this work: fiber chromatic dispersion (CD) of 16.1 ps/nm/km, 0.2 dB/km loss, and a nonlinear coefficient of 2.6 × 10 −20 m 2 /W, as shown in Table 1 . After optical amplification, 10 Gb/s DP-DQPSK signals are input FSO transmission system. This system is a subsystem of IR collimator, transmitter telescope, free space link and receiver telescope. The aperture diameter of the transmitter telescope is 5cm, and the value of the receiver aperture diameter is 5cm. At the transmitter, the fiber-telescope coupling and transmitter efficiency losses are 1dB. Similarly, the receiver loss is also 1 dB. The free space link distance between the transmitter and the receiver telescopes is 800 m, and the beam divergence is 0.25 mrad. The values of the attenuation coefficient for various weather conditions are different. Considering the bad weather condition, such as fog and haze, the free space transmission attenuation caused by atmospheric effects is almost 25.5 dB/km, as shown in Table 2 .
After 10 Gb/s DP-DQPSK signals pass through the FSO link and coupled by one connected SMF, the second EDFA 2 is used to connect the SMF for compensating the free space transmission attenuation. And then, DP-DQPSK signals is split two optical paths by one polarization splitter for demodulation. In each demodulation path, the DQPSK demodulator includes one 3 dB coupler, two Mach-Zehnder delay interferometers (MZDIs), The transmitter aperture diameter (cm) 5
The receiver aperture diameter (cm) 5
The beam divergence (mrad) 0.25
The insert loss in the transceiver (dB) 1 two photodiodes for optical to electrical conversion and two third-order Bessel low pass filters (LPF). All of the cutoff frequency values of the used low pass filters are 1.25 GHz. For each optical path, the obtain data is parallel to serial transformed for restoring original transmitted data (data 1 or data 2 ).
Results and Analysis
In our scheme, the time-domain phase change diagrams of DP-DQPSK signals before and after transmission over fiber and FSO link are extracted to evaluate the system performance, as show in Figure 3 (a) and Figure  3 (b). It is clear to see, the transmitted and received DP-QPSK optical signals phase diagrams have same phase change curves, and the received optical signals exhibit slightly phase change due to chirp effect. Two optical spectra diagrams of DP-DQPSK signal before transmission and after transmission are shown in Figure 3 (c) and Figure 3(d) respectively. In the system, though two EDFAs are used to compensate the transmission attenuation, there are insert loss in two cascaded phase modulators, the transmitter telescope and the receiver telescope. Hence, the received optical power is lower than fiber nput power. Two received eye diagrams of DP-DQPSK signal after 50. . It is found that, the transmission impairments are introduced while a DP-DQPSK signal passes through the integrated SMF and FSO downlink since the degradation of optical signal noise ratio (OSNR), and the decision point choice for getting the best Q value is necessary, since the recovered data by the optimal decision will be allocated to different users for various access applications. The BER v/s received power curves for this scheme are shown in Figure 6 . The insert picture is the received signals constellation diagram after SMF and FSO transmission as the received power is −13 dBm. At the end of 50 km SMF-28 and 800 m FSO channel, the receiver sensitivity is −15.3 dBm (at a BER of 10 −6 ). Compared with the back to back case, the value of the received power penalty at BER = 10 −6 will be reduced, which is about 3dB.
Conclusion
In this letter, we proposed and demonstrated a scheme to seamlessly integrate optical fiber link with FSO system for "the last mile" solution based on optical access network for different broadband communication services closer to various customers. Results prove the BER performance of almost 10-6 can be achieved with the downlink of optical fiber, the transmitter telescope, the free space link and receiver telescope. Since this scheme is not complex and the cost budget is low and it is well compatible with the current telecommunication transmission system, it is a competitive scheme in future optical access networks. 
